1. Introduction {#sec1-sensors-19-01829}
===============

Metal ions such as aluminum, lithium, calcium, zinc, iron and copper are known to have a major impact on human health \[[@B1-sensors-19-01829],[@B2-sensors-19-01829]\] and the environment \[[@B3-sensors-19-01829]\]. Several staining-based techniques have been developed for the detection of these metal ions. The problem with such techniques is a lack of adaptability for real time analysis \[[@B4-sensors-19-01829],[@B5-sensors-19-01829]\]. One approach to overcome these problems uses optical fibers, as they are an attractive platform for sensing. For example, optical fiber-based metal ion sensors have been reported \[[@B6-sensors-19-01829]\] but are limited to distal tip-based sensing \[[@B7-sensors-19-01829],[@B8-sensors-19-01829]\]. Microstructured optical fiber (MOF)-based sensors have the potential to perform better than the traditional fluorescence or spectroscopic fiber sensors \[[@B9-sensors-19-01829]\], as the light matter interaction can be extended along the whole length of the fiber. Suspended core microstructured optical fibers (SCFs) have a small core suspended on thin struts and are being widely used for fluorescence-based sensing \[[@B10-sensors-19-01829]\]. SCFs have holes running along the length of fiber to provide effective refractive index for light confinement \[[@B11-sensors-19-01829]\]. A portion of the guided light is transmitted outside of the glass and is thus available for light-matter interactions over long fiber length \[[@B12-sensors-19-01829]\]. The holes act as tiny chambers for chemical reactions using small samples volumes \[[@B13-sensors-19-01829]\]. SCF-based sensors for metal ion sensing have been reported \[[@B14-sensors-19-01829]\], but a substantial obstacle for their wide use is the availability of techniques that can be employed to functionalize the surface of the core of these fibers.

In this study, a special type of SCF where the core is exposed, so called exposed core fiber (ECF) \[[@B15-sensors-19-01829]\], was chosen as it allows easy access to the suspended core along the whole length of the fiber not possible with conventional SCFs with enclosed core, facilitating surface functionalization, reduced time of filling with analyte and thus increase in response time and enabling distributed sensing \[[@B9-sensors-19-01829],[@B16-sensors-19-01829],[@B17-sensors-19-01829]\].

Al^3+^ was chosen as a model metal ion to investigate the capability of surface functionalized ECF for metal ion sensing as the benefits for the detection of Al^3+^ ions span from patients suffering from Alzheimer's disease \[[@B18-sensors-19-01829],[@B19-sensors-19-01829]\], over toxicity in plants \[[@B20-sensors-19-01829],[@B21-sensors-19-01829],[@B22-sensors-19-01829]\] to monitoring corrosion \[[@B23-sensors-19-01829],[@B24-sensors-19-01829]\]. Moreover, detecting and monitoring of Al^3+^ ions can minimize its impact on human health. Polyelectrolytes coated SCF have been reported to attach fluorophores for Al^3+^ ion sensing \[[@B13-sensors-19-01829]\]. Other SCF and ECF coatings for metal ion sensing used (3-Aminopropyl) triethoxysilane (APTES) \[[@B24-sensors-19-01829],[@B25-sensors-19-01829]\]. Moreover, Poly (methyl methacrylate) (PMMA) coated ECF has been reported for detecting Al^3+^ ions \[[@B26-sensors-19-01829]\]. The main drawback with these coating methods is the requirement for pre-treatment of the surfaces which demand multistep processing and the use of high cost and environmentally toxic solvents. Moreover, some of these coatings lack stability in buffer solutions and also selectivity towards fluorophore binding \[[@B14-sensors-19-01829]\].

In this work, we report plasma polymer coating of an ECF ([Scheme 1](#sensors-19-01829-sch001){ref-type="scheme"} and [Figure S1](#app1-sensors-19-01829){ref-type="app"}) and demonstrated its use in Al^3+^ ion sensing. The fluorophore chosen in this work was a derivative of lumogallion with one carboxyl and two hydroxyl groups at its end \[[@B14-sensors-19-01829]\]. The hydroxyl groups are needed for Al^3+^ ions sensing, while the carboxyl group is available for surface attachment. The chemistry and sensitivity of the fluorophore is published in our previous studies \[[@B14-sensors-19-01829]\]. We have selected a plasma polymer with an amine group so that the carboxyl group of the fluorophore can bind to the amine group of the polymer. Plasma polymer coated ECF was immersed in a solution of an in-house synthesized derivative of lumogallion (fluorophore for Al^3+^ ions sensing) along with coupling agents (HATU and DIPEA). A schematic of the binding of fluorophore on plasma coated fiber is shown in [Figure S2](#app1-sensors-19-01829){ref-type="app"} of the ESI. These functionalized ECFs were then used to measure Al^3+^ ions.

2. Materials and Methods {#sec2-sensors-19-01829}
========================

2.1. Chemical Synthesis and Fiber Fabrication {#sec2dot1-sensors-19-01829}
---------------------------------------------

Derivative of lumogallion was synthesized in house by using the procedure described elsewhere \[[@B14-sensors-19-01829]\]. The ECFs with core diameter of 10µm was fabricated in house as has been published by Kostecki et al. \[[@B15-sensors-19-01829]\].

2.2. Plasma Polymerization {#sec2dot2-sensors-19-01829}
--------------------------

A bell chamber plasma reactor was used for surface functionalization of the ECFs. A key benefit of this technique is that it is substrate independent and no pre-modification of the surface is required \[[@B27-sensors-19-01829],[@B28-sensors-19-01829],[@B29-sensors-19-01829],[@B30-sensors-19-01829]\]. Another advantage is that it deposits uniform and homogeneous thin films in a single step coating procedure \[[@B31-sensors-19-01829],[@B32-sensors-19-01829]\]. In addition, it is a solvent free process, which generates no waste solvents. The ECFs were mounted in the plasma reactor using a custom-built holder with 3 pillars which aided in mounting the fiber in the chamber ([Scheme 1](#sensors-19-01829-sch001){ref-type="scheme"} and [Figure S1](#app1-sensors-19-01829){ref-type="app"}). The chamber was brought down to base pressure of 3.2 × 10^−2^ mbar. Air cleaning of the fiber was performed for 1 min by maintaining an air pressure of 1.8 × 10^−1^ mbar and igniting the plasma at a power of 50 W. Now, the chamber was brought back to base pressure. Coating of different sets of fibers with polyallylamine was performed for 2 min by maintaining a monomer pressure of 1.1 × 10^−1^ mbar at a power of 10, 25 and 40 W.

2.3. Immobilization of Lumogallion Derivative on ECF {#sec2dot3-sensors-19-01829}
----------------------------------------------------

Polyallylamine coated ECFs were immersed in a solution of lumogallion derivative (100 µM) along with coupling agents (HATU and DIPEA) for 3 h. Then the fibers were washed thrice with milli Q water to remove any loosely bound fluorophore. A scheme demonstrating the binding mechanism of lumogallion derivative to polyallylamine modified ECF is shown in [Figure S2](#app1-sensors-19-01829){ref-type="app"}.

2.4. Fluorescence Measurements {#sec2dot4-sensors-19-01829}
------------------------------

Modified ECF was carefully mounted on a stage. A 5 mW laser at a wavelength of 532 nm with a 60X objective was used to couple light through its core. Fluorescence from the ECF core was collected in backward direction using the same coupling objective and recorded using a Horiba iHR550 imaging spectrometer with synapse CCD detector \[[@B26-sensors-19-01829]\]. Autofluorescence from the plasma polymer was measured by irradiating the plasma polymerized fiber with a 532 nm laser (10 × 50 ms) while background fluorescence from the fluorophore was measured by irradiating the lumogallion functionalized fiber (in dry and wet state, i.e., without and with exposure of the functionalized fiber to water without Al^3+^ ions) with a 532 nm laser (10 × 15 ms). The background fluorescence in both wet and dry state was similar, therefore, all the background signals reported in this paper are in dry state. The presence of the azobenzene moiety in the fluorophore molecule causes unavoidable background fluorescence \[[@B14-sensors-19-01829],[@B33-sensors-19-01829]\]. All fibers pieces used for the sensing experiments were 15 cm long and were obtained by sectioning a 45 cm long fiber into three parts of equal length. Now 2 cm of the lumogallion modified fiber was exposed to Al^3+^ ions in solution. Fluorescence from the binding of Al^3+^ ion to fluorophore functionalized fiber was then measured using the same optical setup as depicted in [Figure S3](#app1-sensors-19-01829){ref-type="app"}. Finally, signal-to-background ratio was obtained by dividing the fluorescence counts from the binding of Al^3+^ ions to the background fluorescence from the fluorophore.

3. Results {#sec3-sensors-19-01829}
==========

We commenced with investigating the plasma process to identify optimized plasma conditions. Plasma polymerization with increasing plasma power i.e., 10 W, 25 W and 40 W was employed to coat allylamine on the ECF. Lumogallion derivative was attached on the fibers coated with these different conditions by immersing these fibers in a solution of Lumogallion derivative. Finally, Al^3+^ ions were exposed to the fluorophore modified ECF and the fluorescence intensity was measured by using the optical setup shown in [Figure S3](#app1-sensors-19-01829){ref-type="app"}. As shown in [Figure 1](#sensors-19-01829-f001){ref-type="fig"}, 25 W showed higher signal-to-background ratio in comparison to 10 W and 40 W. A lower plasma power (10 W), results in less fragmentation of the original structure of the precursor which results in greater retention of amine functional groups on the surface \[[@B34-sensors-19-01829]\]. These can then react with the hydroxyl group on the fluorophore rather than the desired carboxylic acid. More binding sites for fluorophores are thus available, reducing the number of hydroxyl groups available for binding Al^3+^ ions and thus decreasing the fluorescence signal. However, such films deposited at lower plasma power are also known to have lower degree of crosslinking leading to dissolution in aqueous solvents resulting in lower efficacy for binding fluorophores \[[@B35-sensors-19-01829]\]. By contrast, higher plasma power (40 W), results in greater fragmentation of the monomer which results in less amine functional groups on the surface of the fiber \[[@B36-sensors-19-01829]\]. A lower density of amine groups is then available for binding to the fluorophore, leading to lower density of fluorophore molecules available for binding to Al^3+^ and thus ultimately lower fluorescence signal.

Therefore, we hypothesize that there is a balance between low power (10 W) and high power (40 W) i.e., at a medium power of 25 W that increases the probability of fluorophore attachment in the desired orientation to the surface. Based on these results, all fibers for sensing were surface functionalized at a power of 25 W.

The homogeneity, reproducibility and sensitivity of plasma-coated fibers was measured by sectioning a 45 cm long fiber into three parts of equal lengths (15 cm each). All the fibers for these experiments were coated at a plasma power of 25 W, as the impact of plasma power showed that 25 W has best signal-to-background ratio as can be seen in [Figure 1](#sensors-19-01829-f001){ref-type="fig"}. First, the background fluorescence (in dry state) of the functionalized fiber section was measured (blue curves in [Figure 2](#sensors-19-01829-f002){ref-type="fig"}). In the next step, each fiber section was exposed to a 1mM solution of Al^3+^ ions in water and the fluorescence was measured. The signal-to-background ratio values appear to be different for the 3 sections (1st, 2nd and 3rd section of the fiber) but they all fall within the error bar. For all three fiber sections, the average value of signal-to-background ratio was observed to be 1.6 ± 0.15 as shown in [Figure 2](#sensors-19-01829-f002){ref-type="fig"}d. Fluorescence counts after exposure to Al^3+^ ions for 15 min showed a 1.5-fold increase in fluorescence while a 1.75-fold increase was observed after 100 min of exposure compared to background fluorescence ([Figure 2](#sensors-19-01829-f002){ref-type="fig"}a--c). The Al^3+^ ion sensitivity reported in this paper (1 mM) using plasma polymer functionalized ECF is ten times higher than the sensitivity (10 mM) published by Warren-Smith et al. for polyelectrolyte functionalized SCF using the same fluorophore \[[@B14-sensors-19-01829]\]. Both fibers have cores suspended in air by thin struts. The SCF (with enclosed core) in \[[@B14-sensors-19-01829]\] has a considerably smaller core diameter of 1.7µm compared with the ECF (with exposed suspended core) used in this work (10 µm core diameter). The small core of the SCF in \[[@B14-sensors-19-01829]\] offers higher sensitivity due to larger light-matter overlap compared to larger core of our ECF \[[@B16-sensors-19-01829]\]. Therefore, the SCF in \[[@B14-sensors-19-01829]\] should have a higher signal then our ECF, but the opposite result is observed, indicating that the higher sensitivity of our ECF is caused by plasma polymer functionalization compared to the polyelectrolytes functionalization reported in \[[@B14-sensors-19-01829]\]. This demonstrates that the sensitivity of the same fluorophore can be controlled by choosing different surface functionalization techniques. To confirm reproducibility, homogeneity and sensitivity we repeated the experiments in triplicates of triplicates. The signal-to-background ratio remained the same across different sets of fibers.

Finally, plasma polymerized fibers were exposed to a buffer solution of sodium acetate (pH 4.5), water (pH 7.0) and phosphate buffer (pH 5.8 and 7.8) in order to determine chemical stability of the plasma polymer coating. Autofluorescence of the plasma polymer coating was used to study the stability of these polymers before and after exposure to different buffer solutions. As shown in [Figure 3](#sensors-19-01829-f003){ref-type="fig"}, no change in autofluorescence was observed before and after exposure of the polymer coating to different buffer solutions. This demonstrates that the polymer coatings are stable in different buffer solutions.

4. Discussion and Conclusions {#sec4-sensors-19-01829}
=============================

In summary, we report a novel, solvent-free technique for generating homogeneous, reproducible and stable coatings on exposed core fiber which can be further used for immobilizing sensor molecules for sensing ions. We demonstrate the feasibility of the technique by employing fluorophore specific to Al^3+^ ions. The activity of the fluorophore is controlled by varying the RF power of the plasma generator.

We have demonstrated the reproducibility and homogeneity of the coatings across different sections of the same fiber. Moreover, an order of magnitude improvement in sensitivity of the same fluorophore attached to MOF with different surface functionalization technique was reported in comparison to the previously published studies. Furthermore, the stability of the coatings in different buffer solutions (sodium acetate buffer, water and phosphate buffer) ranging from pH 4.5 to 7.8 was demonstrated. The technology presented in this manuscript has enormous potential for applications in various fields such as metal ion sensing and bio-sensing. Considering the vast variety of plasma polymerized precursors, the physical and chemical properties of the coatings can be easily tuned to generate polymers specific to different fluorophores and antibodies. These can further be employed to capture or to detect different entities expanding its capabilities in a broad range of fields such as biological systems, environment and aviation.
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Figures and Scheme
==================

![Schematic of the procedure underlying surface functionalization of microstructured optical glass fiber.](sensors-19-01829-sch001){#sensors-19-01829-sch001}

![Signal-to-background ratio of surface functionalized fiber prepared with increasing plasma power. Signal-to-background ratio was obtained by dividing the fluorescence counts from the functionalized fiber exposed to aluminium ions vs the functionalized fiber by itself.](sensors-19-01829-g001){#sensors-19-01829-f001}

![Fluorescence counts for a surface functionalized ECF (at plasma power of 25 W)-based aluminium sensor. (**a**--**c**) Each plot corresponds to a different section of the same fiber. Blue curves correspond to background fluorescence from the fluorophore-coated fiber. Orange, grey and yellow curves were recorded at 15, 30 and 100 min after exposing the fiber to 1 mM aluminium ion solution. (**d**) Bar plot corresponds to the average of signal-to-background ratio recorded at 100 min for sections (1st, 2nd and 3rd) of 3 fibers each.](sensors-19-01829-g002){#sensors-19-01829-f002}

![Fluorescence counts for a plasma polymerized ECF. Blue curve corresponds to auto fluorescence from the plasma polymer coating. Orange and grey curves correspond to auto fluorescence after exposure to different buffer solutions for 15 and 30 min respectively.](sensors-19-01829-g003){#sensors-19-01829-f003}
